protocols assessing the performance of SMBG in noninsulin treated T2DM must provide the SMBG intervention subjects with blood glucose (BG) goals and instructions on how to respond to BG data in randomized controlled trials (RCTs); intervention subjects in clinical trials of SMBG-driven interventions must aggressively titrate their therapeutic responses or lifestyle changes in response to hyperglycemia; control subjects in clinical trials of SMBG must be isolated from SMBG-driven interventions and not be contaminated by physician experience with study subjects receiving a SMBG intervention;
Introduction
Di abetes is a complex and progressive disease, which often inflicts a serious social and economic burden on the affected person. Collective efforts are needed to improve both the level of knowledge about the disease and the outcomes of patient management. Therefore, the Coalition for Clinical Research-Self-Monitoring of Blood Glucose (CCR-SMBG) was formed, aiming to increase the level of knowledge about diabetes and to determine both appropriate uses of blood glucose (BG) monitoring and appropriate measures required to accurately assess the performance of this practice. The first goal of the CCR-SMBG is to identify critical elements of a proper clinical trial of self-monitoring of blood glucose (SMBG) in type 2 diabetes mellitus (T2DM). The CCR-SMBG Scientific Board convened in San Francisco, California, on June 10-11, 2008, to This consensus report contains a review of the literature of clinical trials of SMBG as well as an analysis of SMBG in T2DM in terms of its purpose, the criteria for its appropriate use, its potential clinical benefits, the appropriate psychosocial assessments of this practice, and statistical issues related to designing appropriate studies. This report also contains detailed examples of dietary, exercise, and medication titration algorithms that can be used in response to dysglycemic SMBG readings. Finally, the report contains the consensus conclusions of the CCR-SMBG's Scientific Board members and consultants on the proper elements of clinical trials for assessing the performance of SMBG in T2DM.
The Purpose of Self-Monitoring of Blood Glucose
The purpose of SMBG is to alert a patient to take appropriate action. The intended outcome of the appropriate use of SMBG is to detect hypoglycemia as well as to generate information for adjusting medication dosages, the dietary regimen, and the exercise regimen. Patients with diabetes might want to know how they are doing each day. Only SMBG provides access to this type of immediate information, which could lead to better lifestyle choices.
Self-monitoring of blood glucose provides a patient with (1) data for detecting high or low BG levels, which can facilitate self-adjustment of medication dosages and behavioral factors that are affecting glycemia;
(2) protection by allowing immediate confirmation of acute hypoglycemia or hyperglycemia; (3) education and motivation about the disease to stimulate greater self-care responsibilities; and (4) information for the health care provider to assess and modify the treatment regimen. 1 Self-monitoring of blood glucose must be thought of as a tool for data accumulation. When processed, SMBG data become information, and when analyzed, the information becomes knowledge. The types of adjustments that are made in T2DM patients treated with only oral agents are different than those made in T2DM or type 1 DM (T1DM) patients treated with insulin therapy. A protocol testing the benefits of SMBG must specify rational use of the glycemic information to effect improved outcomes.
Criteria for Effective Use of Self-Monitoring of Blood Glucose in Type 2 Diabetes Mellitus
For SMBG to be effective, both the patient and the physician or other caregiver must take responsibility and possess skills for appropriately performing, interpreting, and acting on SMBG information. In order to assess the benefit or lack of benefit of SMBG, activities that are part of each intervention must be clearly stated, and subject adherence to these actions must be determined. Table 1   Table 1 . Skills of the Patient Needed to Perform, Interpret, and Act on Self-Monitoring of Blood Glucose Information Appropriately Accurately perform SMBG according to a prescribed regimen Recognize confounding factors which can degrade monitor performance Understand appropriate timing and testing sites for monitoring Interpret SMBG results relative to predetermined target levels Appreciate the link between abnormal BGs and acute risks See a connection between out-of-range results and lifestyle (e.g., eating, exercise, stress) or medication dosing Know how to modify diet, exercise, stress, and medication dosing to modify level of glycemia Possess the knowledge to make adjustments in therapy based on SMBG results Act consistently upon an action plan for responding to deviant glucose levels Accurately record SMBG test results on paper or electronically For electronic recording, accurately program date, time, and events into the monitor Rely more on SMBG readings than subjective sensations of well-being Interpret SMBG results relative to appropriate target levels Recognize the relationship between BG variability and long term risks Possess the knowledge to make adjustments in therapy based on SMBG results Evaluate SMBG readings in a non-judgmental manner Believe in the benefit of SMBG to empower patients Respond to deviants SMBG readings by adjusting ongoing lifestyle and medication regimens Create a simple action plan for the patient Address fasting, postprandial, and post-meal excursion glucose levels Act to prevent hypoglycemia Select appropriate endpoints for determining control of diabetes
lists a set of skills that the patient needs in order to perform, interpret, and act appropriately on SMBG information. Table 2 lists a set of skills that the physician or other caregiver needs in order to interpret and act on SMBG information appropriately. It is proposed that these types of lists be used in the design of future trials of SMBG.
Literature Review of Trials of Self-Monitoring of Blood Glucose in Type 2 Diabetes Mellitus
Few trials have combined SMBG with interventions to titrate levels of therapy in response to glucose levels. Whereas SMBG is intended to determine treatment, it turns out that few trials assessing the performance of SMBG in T2DM have specified algorithms for increasing dosages of oral agents, increasing restrictions on dietary intake, or increasing exercise, let alone for performing all three of these interventions simultaneously.
The literature contains seven meta-analyses of the performance of SMBG in T2DM. 2-8 Through these meta-analyses and electronic database searches of PubMed, the authors know of 21 RCTs of SMBG in T2DM published between 1986 and 2008. 9-32 In approximately one-third of the studies, the patients had an opportunity to use an algorithm when responding to high fasting blood glucose (FBG) or high postprandial BG levels. 12, [15] [16] [17] 26, 27, 29, 32 In approximately two-thirds of the studies, the clinicians had the opportunity to use treatment guidelines to support their decision-making process when using SMBG data for FBG [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 23, 24, [26] [27] [28] [29] [31] [32] and BG profiles. [12] [13] [14] [15] [16] 21, 23, 24, [26] [27] [28] 31, 32 The length of the interventions ranged from 10 weeks 30 to 30 months, 14 however, most studies had a duration of 6 22, 23, 26, 29, [31] [32] or 12 months. [10] [11] [12] [13] [15] [16] [17] 28 Only two studies had a different duration of 3 months 24 and 4 months. 14 The RCTs used a variety of intervention protocols. All 21 RCTs provided SMBG training for the patients assigned to the intervention groups that used SMBG. While most studies also provided general diabetes counseling or education for patients assigned to the intervention and control groups, a few studies did not provide such counseling or education to any patients. [17] [18] [19] [20] [21] [22] Some studies also included intervention components on diet, 10,14,15,21,23,27,29,30 physical activity, 10,14,15,21 medication taking, 14,23,32 and stress management. 10 Physicians, [11] [12] 14, [16] [17] [18] [19] [20] [21] [24] [25] [26] 28, 29, 32 nurses, 9-13,16-21,23,24,26-28,30 pharmacists, 14,22 dieticians, 10,16,21,23,24,27,30 and community health workers provided the interventions. 10 Patient contact with clinicians occurred in the form of clinic visits, 9, 11, 12, 14, [16] [17] [18] [19] [20] [21] [23] [24] [25] [26] 28, 29, [31] [32] meetings outside the clinic for education or support, 10, 13, 15, 27, 30 pharmacy visits, 22 home visits, 30 telephone contact, 11, 28, 30 internet support, 21,24 and mail. 11 The number of face-to-face contacts per study ranged from fewer than 59, 11, 13, 16, 17, 22, 24, 28, 30, 31 to 10 or more. 12, 14, 15, 21, 23, 27 Face-to-face contact occurred either weekly, 23 biweekly, 30 monthly, 12,26,29 bimonthly, 31 every six weeks, 25 every three months, 9, 11, 13, 16, 17, 22, 24 or every six months. 28 Some studies also included a combination of contact intervals, usually starting with weekly contact and then moving to biweekly or monthly contact. 10, 14, 15, 27 The total time of patient-clinician contact is difficult to determine since information on the length of contacts was indicated in only one study. 10
Patients in all 21 studies used a glucose monitor. The number of days per week that patients were advised to perform SMBG was two, 14,17,26,32 three, 10,25,29 four, 16 six, 23 or seven. 12, 13, 22, 27 The recommended number of SMBG measurements per day was one, 13,22 two, 10,16,23 three, 12,17,29 four, 14 five, 32 or six. [25] [26] [27] This diversity of recommended SMBG measurements resulted in a range from 6 10,17 to 42 27 measurements per week. Patients also kept a diary in several studies. 9, 11, 12, 14, 15, 17, 21, 23, 24, [26] [27] [28] [29] [30] 32 The diary was internet based in two of the studies. 21, 24 One study also provided a handbook on general diabetes information, 11 while another provided a calorie book. 15
Potential Clinical Benefit of Self-Monitored Blood Glucose in Type 2 Diabetes Mellitus
Treatment of T2DM includes lifestyle interventions, oral glucose-lowering agents, and insulin. Principally, a combined deficiency in insulin secretion and action is responsible for the disease and leads to hyperglycemia in both fasting and postprandial states. Fasting hyperglycemia results from impaired suppression of hepatic glucose production. Postprandial hyperglycemia is due to insufficient meal-induced insulin secretion and lack of glucagon suppression prior to meal-related glucose influx. Hyperglycemia is largely responsible for the manifestation of the late complications of the disease. It is possible, although still controversial, that postprandial glucose peaks have a specific effect on these complications by eliciting an increase in oxidative stress.
Another problem is that some diabetes therapies, namely, sulfonylureas, glinides, and insulin, can induce hypoglycemic events in T2DM. Although such events are less frequent than during insulin therapy in T1DM patients, they contribute to intraday BG variability, resulting from postprandial hyperglycemic peaks and eventual hypoglycemic valleys. Interday BG variability is also present in T2DM, mainly related to the variability in food intake and exercise. When patients are treated with insulin, variability in insulin absorption provides an additional factor of interday variability.
In most cases, patients with T2DM do not self-titrate their treatments like T1DM patients do by adjusting their insulin doses from SMBG data, counting and adjusting meal carbohydrate intake, and adjusting exercise timing, intensity, and duration. Hence, while T1DM patients often play an active role in their treatment, T2DM patients often do not. It is easier to empower T1DM patients than T2DM patients to be highly involved in their disease management. For T2DM patients, this may represent a frustrating situation where they may feel condemned to watch passively from the sidelines while their treatments fail, as evidenced by their gradually increasing Hemoglobin A1c (A1C) levels. Eventually, despite increasingly complex treatment, they usually end up requiring insulin therapy. In summary, the possibility of late complications, the risk of hypoglycemic events, and the frequent reality of having to remain a passive spectator of a disabling disease may profoundly affect the quality of life for patients with T2DM.
For all these reasons, it is clear that the mere assessment of diabetes control through the measurement of A1C, although it provides an essential insight on the quality of metabolic control, is limited. This is because A1C levels do not present patients with a complete picture of their BG status. More specifically, A1C does not provide the patient with a possibility of observing what happens on a daily basis and understanding the very meaning of diabetes as the confluence of fasting hyperglycemia and postprandial hyperglycemic waves. In addition, A1C levels also do not provide insight into the hyperglycemic effect of food, the hypoglycemic effect of therapeutic tools based on lifestyle modifications (such as reducing food intake, ingesting fiber-containing foods, and exercising), or the use of glucose-lowering drugs. As a consequence, the patient cannot adjust the various treatment components. Indeed, without SMBG and with only trimonthly measurements of A1C, the life of a T2DM patient seems like a closed-eye journey, with the eyes being opened only every three months to decide the direction to be taken. This approach is definitely a very inefficient way of tackling the treatment of such a dangerous disease.
Types of Interventions That Use Self-Monitored Blood Glucose in Type 2 Diabetes Mellitus
Appropriate clinical trials of SMBG must include two critical features. First, the results of SMBG testing must drive changes in therapy. This means that investigators must establish SMBG goals with their intervention subjects and must use SMBG to aggressively titrate the intervention specified in the study protocol. Second, control subjects in clinical trials of SMBG must be sequestered from SMBG-driven interventions to avoid contamination by physician experience with study subjects who are receiving an SMBG intervention. This means that investigators must not provide control subjects with any information about SMBG, which could be derived from their experiences with simultaneously administering an SMBG-driven intervention to other study subjects. Self-monitoring of blood glucose is an intervention that has no mode of action or direct effect on glycemic control and does not change any outcomes unless this intervention leads to a particular type of action, such as a change in diet, exercise, or medication. The basic question about the value of SMBG is not whether this practice is useful, but rather whether the algorithms, which must accompany SMBG, are useful. A study of the performance of SMBG is not intended to test the value of algorithms per se, but to compare a treatment algorithm that includes SMBG in decision making to one that is based on A1C alone. Thus proper use of SMBG dictates that the results of this practice must be applied to determine therapy decisions, which in turn will determine glycemic control.
If subjects are randomized within a research site either to receive formal SMBG intervention or not to receive formal SMBG intervention, then there is a risk that the physician and caregiver team might inadvertently apply elements of an SMBG management package to both groups. This practice would constitute an inadvertent upgrade of the "usual care" or control intervention, which may already include SMBG without proper use of the data in many cases. The consequence of this upgrade would be a contamination of the control intervention and a possible devaluation of the benefit of the SMBG intervention (compared to usual care). In that case, the added benefit of the SMBG intervention might be erroneously measured as a low or even undetectable effect. This problem with contamination of usual care with a study intervention does not occur in drug trials where subjects either receive an investigational drug or do not receive an investigational drug. The effects of the drug can be easily deduced from the difference in outcomes between the two groups. In SMBG trials, however, the control subjects are often already partaking of the SMBG intervention but not using it appropriately. The control subjects are then likely to improve their use of this practice with encouragement by an investigator who is interested in the effects of SMBG. Thus both subjects and caregivers must be carefully managed in clinical trials of the performance of SMBG on glycemic control.
Self-monitoring of blood glucose can be used to determine both temporary and permanent modifications of therapy. These two types of therapy modifications can be the basis of two types of trials that can be performed to assess the value of SMBG.
When SMBG values are elevated, then a dietary intervention to reduce calories or an intervention to increase exercise can be immediately initiated, and this intervention can be discontinued when the need is no longer present. A clinical trial of SMBG might measure the effects of a type of dietary or exercise intervention that can be used when needed. There may be an improvement in mean glycemia and in A1C levels if sufficient amounts of these two glucose-lowering interventions are applied when needed because of information provided by SMBG. A solitary dietary intervention, a solitary exercise intervention, or a combination of both, if driven by SMBG values, could make for an appropriate trial of SMBG. At any given physician visit, the A1C might be expected to be better in SMBG subjects than in control subjects, because the intervention subjects are in a position to adjust their regimen between follow-up visits, in addition to increasing drug dosages in response to elevated A1C levels. The measured outcomes in such a temporary intervention trial would be related to improved glycemic control.
A medication intervention with SMBG might specify uptitration of dosage in response to a limited number of elevated BG values early in a study. The higher dose then remains in effect for a long time, usually irrespective of future SMBG values. In such an intervention protocol, future performance of SMBG might no longer influence any modifications in treatment, because the only change in therapy (medication uptitration) has already been performed. The benefits of SMBG in such a study of SMBG-driven medication titration could be questioned. Improved outcomes in an intervention group receiving higher drug doses, regardless of their frequency of SMBG testing, might be attributed solely to the early assignment of higher drug doses and not to the practice of SMBG. The control subjects would presumably have A1C levels measured every three months, and their medications could then be uptitrated on the basis of these levels. It would be difficult to separate the effect of SMBG compared to the effect of using higher medication dosages. These higher dosages could have been prescribed based on A1C levels alone without the aid of SMBG testing. It should be noted, however, that an SMBG medication intervention could result in a subject uptitrating themselves at home with an algorithm that could result in a more rapid uptitration that would occur with trimonthly A1C testing and medication adjustments. Self-monitoring of blood glucose could be thought of as a tool for accelerating uptitration of drug dosages.
An additional factor in the successful management of T2DM is the time to titrate noninsulin medication therapy (usually a combination of oral agents) to reach a goal or a maximum necessary dosage. Currently, patients with T2DM are often maintained on ineffective noninsulin regimens for many years. This is usually because they see their physician only every three months, and it takes years to reach maximal or effective dosages of one or multiple drugs or to transition to insulin. This phenomenon is known as therapeutic inertia. Self-monitoring of blood glucose can facilitate uptitration of noninsulin agents through the use of an algorithm at home. Titration of dosage driven by SMBG can result in more rapid uptitration and initiation of additional drugs. Therefore, SMBG might hasten a patient's arrival at either a point of receiving adequate noninsulin therapy or a point where noninsulin agents must be considered a failure and insulin therapy must be initiated. These treatment modifications can result in moving a patient onto effective therapy faster and saving the cost of several years of ineffective drugs when a patient actually needs higher dosages of noninsulin therapy or initiation of insulin. These outcomes would be beneficial to patients and payers. The measured endpoints in such a permanent medication intervention trial would be related to the time to either maximum dose of effective non-insulin therapy or replacement of noninsulin agents with insulin.
One additional type of protocol that can be designed for an SMBG intervention would specify a fixed frequency of caregiver visits for the control subjects and a variable protocol-driven frequency of caregiver visits for the intervention subjects. The protocol-driven caregiver visit schedule would be based on SMBG results. Greater constancy in achieving SMBG targets (for example, more than 50% of SMBG values above either 120 mg/dl at fasting/premealtime and/or 160 mg/dl at 2 h postmealtime) would result in a lower frequency of visits. In such a study, the SMBG subjects could end up with a greater or lesser number of caregiver visits than the control group during the course of the study. Such a protocol is compatible with measuring outcomes related to glycemic control, time to achieve target therapy, or quality of life. This type of study would generate simultaneous information about outcomes and costs of care, which might be of interest to patients who are seeking to minimize time spent with their caregiver and to payers who are looking to minimize costs of caregiver visits.
There are two potential approaches to test the hypothesis that SMBG is clinically effective in selected patients with T2DM. With both approaches, an optimal frequency of SMBG testing as well as its timing around meals, exercise, and sleep should be specified where appropriate.
The first approach to test this hypothesis would be to add SMBG to a randomly selected proportion of a group of T2DM patients who are not achieving the glycemic goal (most likely as measured by A1C). As the mere act of measuring glucose is unlikely to achieve much benefit, SMBG must be coupled with a straightforward response algorithm to modify lifestyle and/or pharmacologic therapies. As an example, if the goal of the study were primarily to modify dietary behavior, then the rise in glucose postprandially would be emphasized. Subject selection criteria should exclude those patients with T2DM who are receiving therapies that include a risk of hypoglycemia and need SMBG for safety considerations.
The second approach to test this hypothesis would be to remove SMBG from a randomly selected proportion of a group of T2DM patients who are achieving the glycemic goal (most likely as measured by A1C). Again, subject selection would be critical. Glycemic control in patients with early/mild T2DM might not worsen if SMBG is stopped. Likewise, the real benefit of SMBG may be limited to those time periods when A1C is elevated, implying that the therapeutic regimen needs adjusting. Ethical considerations would need to be addressed if an intervention whose benefit is being evaluated were to be removed from a subject's therapeutic regimen.
Both approaches require attention to important features in study design, subject selection, and the interaction between the two (see Table 3 ).
Most scientific societies agree on a target of 6.5-7% for A1C. At this range, the risk for complications related to chronic hyperglycemia can be minimized according to United Kingdom Prospective Diabetes Study data. Recently, the International Diabetes Federation, following other scientific societies, recommended that postmeal BG levels should not exceed 140 mg/dl, taking into account identified relationships between hyperglycemic peaks, oxidative stress to vessel walls, and cardiovascular outcomes. Such a goal cannot, however, be achieved without SMBG.
Two types of studies could be performed to test the hypothesis that SMBG is a useful intervention in T2DM.
First, SMBG could be tested to assess whether this practice contributes to making decisions that result in improved glycemic control in situations where current A1C-driven guidelines do not result in such decisions or improved control. Second, SMBG could be tested to assess whether this practice contributes to better glycemic outcomes than current management of diabetes based only on A1C levels measured at trimonthly clinic visits. A continuous glucose monitor, with the results blinded to the subject, can be worn at the beginning and the end of the study to assess various elements of glycemic control and glycemic variability.
In the first type of study where the performance of SMBG could be tested, the obvious study endpoint is A1C. Subjects who would be recruited in this study should not have an A1C level that leads to augmenting diabetes therapy according to guidelines, e.g., the addition of a second drug, such as metformin, due to failure of firstline therapy. The United Kingdom Prospective Diabetes Study showed a gradual increase of A1C in T2DM patients, mainly related to beta-cell loss. However, in common practice, diabetes therapy remains unchanged, with reinforcement of lifestyle measures until A1C exceeds 7.5%, with confirmation after three months. Hence recruitment in this study could be based on A1C level below 7.5% with an increase of no more than 0.3% during the prior three-month interval. Self-monitoring of blood glucose could be demonstrated as useful if it resulted in the addition of a new drug while an increase in the A1C level did not reach the level to elicit such a change. A six-to seven-point 24 h glucose profile per week, showing two consecutive assessments of elevated fasting or premeal glucose values above 120 mg/dl and/or postmeal values above 160 mg/dl, could promote the addition of a glucose-lowering drug sooner than a trimonthly A1C measurement. As described earlier, patients included in the SMBG-using arm of the study would have to be educated to follow a medication Table 3 .
Important Features of a Clinical Trial of SMBG
The study must be randomized The number of subjects must be large enough to reach statistically significant conclusions Adequate education is needed on how to respond to SMBG data to reveal potential beneficial effects of the SMBG intervention SMBG subjects must be assigned to follow a specific treatment in response to every BG level Interventions should be avoided if they rapidly improve control and thus preclude detection of additional benefit from SMBG An adequate testing frequency is needed to be able to identify beneficial effects of the SMBG intervention Recruitment of subjects should not be limited to only infrequent SMBG users who do not use SMBG properly and will probably not be able to benefit from this intervention Subjects with severe T2DM should be excluded, including those using insulin or other therapies which mandate SMBG for safety
Endpoints of Interventions That Use Self-Monitoring of Blood Glucose in Type 2 Diabetes Mellitus
The best endpoints to measure in a clinical trial of SMBG in T2DM include A1C levels, hyperglycemic events, hypoglycemic events, time to titrate noninsulin therapy to a maximum necessary dosage, and quality-of-life indices, which could include a composite metric of multiple such indices. 33 Glycemic control and glycemic variability can also be assessed by a period of wearing a blinded continuous glucose monitor at the end of the study.
The most widely accepted measure of success of current treatments for T2DM is the A1C level. The delta A1C between the start and the completion of the study in intervention subjects and control subjects can be compared to determine the effect of the intervention on mean glycemic levels. This test should be performed every three months from initial disease diagnosis. In a clinical trial where the A1C level is an endpoint, the investigators might elect to use a central laboratory to make measurements; to measure A1C levels in duplicate; and then to record the mean level for each time point.
titration algorithm when BG values exceed the mentioned levels. One can reasonably expect that A1C could be significantly lower at two subsequent three-month assessments in SMBG users.
In the second type of study that tests the performance of SMBG, endpoints other than A1C would have to be considered. Among them, high glucose peaks, adverse events related to diabetes treatment (hypoglycemic events and weight gain), and quality-of-life indices could be selected. Measures of mean glycemia and glycemic variability could also be made if subjects wear a blinded, continuous glucose monitor at the end of the study period. This type of study is intended for subjects using at least two oral glucose-lowering drugs, because these people (compared to people using metformin alone) are more prone to (1) inadequate postmeal glucose control, (2) adverse events due to therapy, and (3) impairment of quality of life. The same strategy of using SMBG and following a medication titration algorithm, as previously explained, can be expected to induce self-interventions of lifestyle and uptitrations of drug dosages (according to SMBG-driven algorithms). As a consequence, the recommended endpoints would be expected to be consistent with better glycemic control in the SMBG arm of the study than in the non-SMBG arm. A difference in A1C levels in favor of SMBG users may be less likely to appear in this patient population, because the reduction of high glucose excursions may not have a sufficient effect on A1C lowering, and reduction of hypoglycemic events may even limit A1C lowering. Additional endpoints for assessing the benefit of a SMBG intervention, which allows the intervention subjects to upwardly self-titrate their dosages of medications, would include the time needed to titrate noninsulin therapy to a maximum necessary dosage or the percentage of subjects reaching a maximum necessary dosage of noninsulin therapy during the duration of the study.
In both suggested types of study, ethical considerations could be raised about the non-SMBG or usual care practice in the control arm. A reasonable way to circumvent this issue could be to allow SMBG in these patients according to their own choice, with no specific decision-making instructions. Actually, this situation corresponds to what is being done by most T2DM patients using SMBG in common current practice. Controls could be selected who are historically infrequent users of SMBG. A screening questionnaire could be administered to determine selfreported usage to enroll only infrequent users, but subjects who do not use SMBG properly might not be able to benefit from this intervention. It is important to specify that the usual care intervention for the control subjects (who will not receive the SMBG intervention) would be good clinical practice. This means controls will receive an education program but no special instruction on how often to perform SMBG or what to do about SMBG information except for safety instructions about self-monitoring for acute hypoglycemia symptoms. The control and SMBG intervention groups should be as similar as possible in terms of the amount of clinician contact and attention paid to diabetes management, diet, and exercise. The SMBG intervention cohort would be instructed to use glucose information to modify an aspect of therapy as well as how to organize data for self-review and for review with the medical team. The control group would not receive instruction about how to respond to SMBG data other than in response to hypoglycemic symptoms, and they would be instructed to perform SMBG during the study exactly as they are currently doing. Both groups would be seen by a physician or diabetes nurse at the same frequency (probably every three months) and would have an A1C level drawn every three months. Subjects in both cohorts would have their medication regimen uptitrated during investigator visits based on an algorithm for A1C levels.
In the interest of patient safety, a protocol would have to provide for the possibility that the investigator may need to initiate SMBG in a control subject who is not already performing this practice, in which case the subject would be considered a non-SMBG failure, and this action would be an endpoint of the study.
As an overall conclusion of these considerations, it may be difficult to demonstrate a benefit of SMBG in T2DM based on multiple simultaneously measured endpoints in a single study. Several types of SMBG studies could be developed, each to assess a different aspect of glycemic control or quality of life. However, two types of studies, one of subjects receiving single-agent therapy and another of subjects receiving at least two noninsulin agents, could measure separate endpoints that relate to potential benefits of using SMBG.
Research-Based Psychosocial Assessments
Psychosocial outcomes have been measured as part of an assessment of the performance of SMBG. Four major RCTs have been identified that have examined psychosocial outcomes associated with SMBG use in non-insulin-using patients with diabetes. Muchmore et al. 27 used the Diabetes Control and Complications Trial's Diabetes Quality of Life (DQOL) scale in 1994. There were no differences in quality of life change over the study period between control and intervention groups. Of the four DQOL subscales, there was an improvement in treatment satisfaction for the entire group from baseline to Week 24 but not from baseline to the end of the study (Week 44).
Schewedes et al. 26 used two of Bradley's measures in 2002: the Diabetes Treatment Satisfaction Questionnaire (DTSQ) and the Patient Well-Being Questionnaire (PWBQ). There were no reported differences in DTSQ scores over the study period between control and intervention groups. While PWBQ scores did not improve in the control group, they did improve in the intervention group, but only for the two items assessing depression and lack of well-being.
Farmer et al. 17 and Simon et al. 18 (the DIGEM trial) used the EQ-5D in 2008. The more intensive SMBG group evidenced a greater drop in quality of life compared to the control group; this was apparently due to differences in anxiety/depression over the course of the study.
O'Kane et al. 16 used the University of Michigan Diabetes Attitude Questionnaire and two of Bradley's measures in 2008: DTSQ and PWBQ. There were no differences reported between intervention and control conditions over the course of the study on any measure except the PWBQ depression subscale, where there was a negative effect in the intervention group compared with the control group, but the statistical analysis was problematic. 1 Given these findings, it is recommended that any future RCTs in this population make use of the following measures:
A generic (not diabetes specific) measure such as the EQ-5D. It is brief, allows calculation of health utilities, and is widely used, as in the Diabetes Glycaemic Education and Monitoring trial.
A diabetes-specific measure such as the Diabetes DistressScale (DDS). The DDS is relatively brief (17 items), sensitive to change, and focuses on patients' sense of control over the disease. This appears to be the underlying dimension of distress that is being influenced in a positive direction in one study, 26 perhaps due to the more frequent, supportive set of follow-up visits, and in a negative direction in two others, 16,18 perhaps due to the frustration of participating in trials where SMBG begins to seem pointless over time, especially when contact with health care providers is infrequent, and there is little 1)
2) sense that one's own actions are making much of a difference.
A patient-reported outcome, which could include (A) overall quality of life (such as the EQ-5D or the Bradley PWBQ); (B) diabetes treatment satisfaction (such as the DQOL short form or the Bradley DTSQ); (C) diabetes-specific distress (such as the DDS); (D) diabetes treatment adherence (such as the Summary of Diabetes Self-Care Activities Measure scale for treatment adherence 19 or the Attitudes to Treatment Adherence scale); (E) diabetes symptoms (such as the Diabetes Symptom Checklist 20 ).
A dedicated questionnaire could also be developed for such an RCT, to assess diabetes self-care behavior. The questions would cover (1) frequency of behavior (e.g., how many times a day do you perform SMBG, how many servings of fruits and vegetables do you eat each day, and how many days per week do you exercise >30 min); (2) adherence to treatment recommendations (e.g., how closely, on a scale from completely to not at all, do you follow SMBG (medication, diet, and exercise recommendations provided by your clinician); and (3) frequency of corrective behavior when BG is out of the target range (e.g., how often, on a scale from always to never, do you adjust your medication [eat less, exercise more] when your BG level is high).
Statistical Issues Related to Study Design
The primary outcome, A1C, is typically measured at the baseline and at the end of the study. Because of the nature of the study and its primary outcome measure, randomized block design (RBD) 34 is proposed, with three blocks identified by baseline A1C: below 7.5%, 7.5-9%, and above 9%, which can be referred to, respectively, as Block 1, Block 2, and Block 3, which correspond to the severity of the condition.
The basic idea of RBD is to first stratify the participants into relatively homogeneous subpopulations (blocks) and then randomize the subjects within each subpopulation into treatment and control groups. If the blocks are indeed homogeneous, the variance within each block will be lower than the variance of the entire population, which in turn should result in more efficient estimates of the SMBG effect within each block. The two main advantages of an RBD approach are as follows:
When the data is pooled across the RBD blocks, more efficient estimates of the overall treatment effect should be achieved.
3)

1)
Generally, a smaller sample size would be required provided that the initial blocks were indeed homogeneous.
Stratification would allow for a separate assessment of the treatment effect within each RBD block. This is particularly important because it is reasonable to expect that the effect of SMBG would depend on A1C level (e.g., subjects who were in excellent control at baseline would not be able to lower their A1C much further with SMBG).
Intent-to-Treat versus Per Protocol Analyses
The primary analysis should follow the intent-to-treat (ITT) principle, where subjects are analyzed in the treatment group to which they were assigned through randomization. This means that a subject randomized to SMBG should be analyzed in that group even if they did not adhere to the prescribed glucose testing. This approach is necessary to preserve the integrity of the randomization. Subjects who are unwilling or unable to adhere to SMBG may be inherently different from those who do adhere. Such differences could affect the A1C value independently of SMBG and bias the estimated treatment effect. The ITT principle avoids this potential bias by not allowing the analysis groups to be defined by subject adherence.
However, ITT analysis can be conservative and may underestimate the true effect of SMBG. Including patients in the SMBG group who did not actually perform the glucose testing likely dilutes the real impact of SMBG. Secondary "per protocol" analyses can also be performed, where subjects are grouped according to their actual use of SMBG. Subjects randomized to SMBG who did not perform a predetermined amount of glucose testing would be analyzed in the control group, and any subjects randomized to the control group who did perform glucose testing would be analyzed in the SMBG group. Additionally, a "dose response" type analysis may be performed, where the change in A1C is correlated with the amount of SMBG actually performed as a continuous variable. As noted earlier, these analyses based on subject adherence are subject to bias and should be clearly labeled as exploratory or hypothesis generating. Great caution should be taken in interpreting the results if the ITT and per protocol analyses lead to conflicting conclusions.
This potential for bias underscores the need to maximize adherence with SMBG in a well-conducted trial. If there 2)
is a high level of adherence, then the ITT and per protocol analyses will lead to the same conclusions. Potential subjects must therefore be well-informed about all aspects of the study and what they will be asked to do. Intervention subjects must receive education on how and when to use their BG monitor. Eligibility should be limited as much as possible to subjects who are likely to adhere to the protocol. It may be helpful to include a "run-in" phase prior to randomization, during which potential subjects are asked to perform glucose testing with a blinded meter. Subjects who do not successfully complete a predetermined minimum number of tests are not eligible for randomization. Once randomized, adherence to SMBG should be carefully monitored throughout the study, and any reasons for not performing SMBG should be elicited from the subject. The use of downloadable glucose meters can improve the accuracy of adherence monitoring.
Sample Size
Here we consider a reduction of at least 0.3% in mean A1C levels occurring from baseline to the end of the study, in the SMBG intervention group compared with the control group, to be a clinically meaningful treatment effect. The distribution of this effect, however, would not be uniform across the three RBD blocks, with the largest effect expected in Block 2 (patients with A1C levels between 7.5% and 9%). This expectation is based on the assumed limited standard deviation (SD) within this block and on the potential for improved A1C levels with self-monitoring. In Block 1, the expected effect size would be lower, and the effect of the SMBG intervention would not be significant within that block. Within Block 3, the potential net effect of the SMBG intervention would be higher, e.g., 0.5%, but this would result in lower effect size because of larger potential variance. Effect size is the basis for sample size estimation and is defined as the expected difference in A1C divided by an estimate of the SD. Thus the effect size increases with larger observed reduction in A1C and decreases with larger variance. These relationships explain the suggestion for RBD-a design that allows maintaining a lower SD within each block, which in turn can result in larger effect size and smaller sample size.
With these assumptions, we calculate the total sample size necessary to achieve 90% power using a two-tailed hypothesis test with a type 1 error rate = 5% ( Table 4 ).
The power calculations use the GPOWER software. 35 Note that the necessary sample size depends, to a great extent, on both the assumed SD and correlation between pretreatment and posttreatment A1C measurements.
Based on previous experience, a correlation of up to 0.3 is assumed. Typically the estimated minimum necessary sample size decreases with increasing correlation between the repeated measurements of the study. This is because a higher correlation implies that poststudy measurements are roughly proportional to baseline, which reduces the variance in the treatment effect and results in a larger effect size.
Interim Analysis to Reestimate Sample Size
As seen in Table 4 , the necessary sample size for a clinical trial is very sensitive to the unknown SD and correlation. It may be desirable to incorporate a preplanned interim analysis into the protocol to reevaluate the necessary sample size based on the observed data. After a prespecified number of subjects have completed the study, their A1C data could be used to estimate the overall SD, the SD within each RBD block, and the pre-post correlation. The total sample size can then be increased or decreased depending on whether the SD and the correlation are larger or smaller than originally anticipated. If this interim analysis focuses solely on estimating SD and correlation but not the treatment effect, then there is no "penalty" in terms of need for additional subject recruitment. Alternatively, an interim analysis may also incorporate a plan for stopping the study early if there is a large observed treatment effect. Because this approach would look at treatment effect, a slight increase in the maximum total sample size would typically be needed to preserve the desired statistical power. Either approach to an interim analysis is valid as long as it is explicitly prespecified in the protocol.
special instruction (besides what they already know at the beginning of the study) from the study caregiver team members on how to practice and use SMBG. Any such instruction would serve to contaminate these control subjects and make them more likely to use SMBG during the study. This additional use of SMBG, inspired by entering the study and receiving inappropriate instructions, would serve to minimize the difference in behaviors between the control and SMBG intervention subjects. The result would be a falsely decreased difference in outcomes between the groups and a greater likelihood of an inappropriate rejection of the hypothesis that the use of SMBG results in improved outcomes.
Studies that seek to assess the benefit of a medical intervention are typically conducted as RCTs at multiple centers. Subjects are randomly assigned to be in control or intervention groups. If a patient characteristic is expected to affect the outcome of a trial, then during the randomization process, the control cohort and the intervention cohort must be assembled to include an equal amount or frequency of that characteristic. The most common form of randomization is referred to as "individual randomization," in which any individual subject at any site has an equal (or predetermined unequal) chance of being assigned to receive control care or the study intervention. Usually the subjects and investigators are both blinded as to which form of treatment the subject is receiving. It is assumed that in these studies, at any site, the regimen will be exactly the same for controls and study subjects, except for the intervention. This is a widely held assumption, because for most interventions, an investigator is unable to inadvertently influence the outcome by providing additional amounts of intervention to the intervention subjects or by encouraging these subjects to do particularly well. This is because drug doses are generally dispensed in controlled amounts and because investigators are generally unaware of which treatment group any given subject is in.
Trials of behavior are different than drug trials. Behavioral trials are generally not blinded to the investigator, which creates a possibility that an enthusiastic investigator will subconsciously encourage greater adherence with other aspects of disease management, such that the intervention subjects might outperform the controls because of this enthusiasm, which can result in better behavior in areas unrelated to the intervention. In addition to this automatic problem with any unblinded clinical trial, a special problem can arise in a trial of SMBG, namely, contamination of controls, who are not 
Randomization
One of the most important features of a clinical trial of SMBG is sequestration of control subjects to not receive necessarily regular users of SMBG, with education about the benefits of SMBG. It is well-known that individuals allocated to a control treatment may inadvertently receive some aspects of the intervention if they are in proximity to the treated group. 36
It might be difficult for physicians or nurses, who are treating both cohorts of subjects, to discuss SMBG only with intervention subjects and to fully ignore the topic with control subjects. The potentially changed habits, renewed awareness of SMBG, and recently acquired knowledge of SMBG-driven treatment algorithms might change the investigator's behavior. This greater enthusiasm for SMBG might serve to introduce the control subjects to additional instruction or discussion about SMBG than would have been the case had their physician not been an investigator conducting a rigorous SMBG protocol. It is likely that with some control subjects in poor control, an investigator will not be able to refrain from using SMBG data to help guide therapy. This exposure of control subjects to a prescriber of SMBG might then degrade the impact of the SMBG intervention through contamination of the controls.
A solution to this potential problem with individual randomization, where both control and intervention subjects receive treatment at the same sites, is to randomize by center or physician. 37 This approach, known as cluster randomization, establishes selected centers as control sites and selected sites as intervention sites. An investigator will treat only one type of subject, which eliminates the risk of contamination of control subjects. Both individual randomization and cluster randomization have advantages and disadvantages.
The main advantages of individual randomization are as follows: (1) this method is better known and thought of by many as the "gold standard' method for randomization;
(2) this method avoids the problem of working with poorly motivated investigators who are assigned to provide control care to all their trial subjects but who prefer to work with investigational therapies;
(3) this method eliminates the possibility of variability between centers that are all providing control care or intervention care; (4) this method compels the protocol writers to create SMBG algorithms that can be followed by subjects at any doctor's office or clinic and not just at highly academic, specialized centers that might otherwise become the sites selected for administering the intervention; and (5) this method can be powered with fewer total subjects than can cluster randomization, which makes for lower costs in conducting trials.
The main advantages of cluster randomization are as follows: (1) this method avoids introduction of SMBG information or education to controls; (2) this method offers statistical advantages over individualized randomization in terms of decreased variance if the number of sites in the trial of SMBG in T2DM is relatively large (approximately 10 or more) and the number of subjects within each site is relatively small (approximately 25); (3) this method is associated with lower costs of administration with fewer sites than an individually randomized study;
(4) the intracluster correlation effect, which characterizes the strength of center effects and may increase the number of subjects, can be estimated with an early interim analysis of data and minimized when RBD trials are conducted; and (5) this method is well regarded in clinical trials of other behavioral interventions. Part of the reason that individual randomization is so wellknown is because randomized trials of drug interventions, where individual randomization works well, are conducted more frequently than randomized trials of behavior interventions.
Special safeguards are necessary to avoid recruitment bias in cluster randomized studies. With such trials, it is helpful to identify study subjects before paired study sites are randomly allocated and to use an independent recruiter to locate participants to avoid the problem of selection bias. 36 A potential compromise method between individual randomization and cluster randomization is a form of cluster randomization known as pseudo-cluster randomization. [38] [39] [40] This method is essentially a two-step randomization: the first step is cluster randomization, and the second step is randomization of a small proportion of each cluster (e.g., 20%) to control or intervention in random order. Using this method, the bias is virtually eliminated, and the amount of contamination is minimized.
Individual randomization is the most widely used method for conducting randomized trials, because this method maximizes the probability that confounding variables will be evenly distributed between treatment groups in most cases. 
Example of a Dietary Intervention
Because of the wide variation in insulin sensitivity and degree of carbohydrate intolerance, it is most effective to manage postprandial BG with SMBG before and 1 h after each meal and by controlling the carbohydrate load of each meal. Normoglycemia is the goal, and therefore target BG levels are FBG < 100 mg/dl and 60 min postprandial plasma glucose (PPG) < 140 mg/dl. The value of SMBG is to use individual BG readings as well as BG patterns and trends to refine a dietary program specifically designed for the individual. Blood glucose excursions after consuming a meal vary from individual to individual and are highly dependent upon the level of carbohydrate intolerance and insulin sensitivity. This determines the amount of carbohydrate that can be consumed. The postprandial BG at 60 min will provide insight into dietary modifications needed to achieve the target BG in the future. Therefore, SMBG is recommended before and 1 h after each meal every day.
Dietary Intervention is determined on a meal-to-meal basis. An example of a dietary intervention driven by SMBG is illustrated in Figure 1 . Dietary manipulations are based on SMBG readings such that the patient learns what meal composition and quantity can be tolerated. Such interventions are intended for individuals that have reached maximum growth and are biologically mature.
Several factors influence BG levels: time of day, nutrient composition of the meal, quantity of food consumed, stress, physical activity, and class and timing of medications.
Continue to monitor BG levels using SMBG. Implement Phase 1 Dietar y Inter vention Sections A, B, and C outlined in Table 5 Although many of these considerations are beyond the scope of this report, FBG and PPG levels can be brought to target by focusing on SMBG data. In cases where BG levels are not within target range, then individuals are encouraged to initiate the Phase 1 Dietary Intervention (Table 5) .
Phase 1 Dietary Intervention
Individuals are advised to avoid rapidly absorbed carbohydrates (Table 5, Section A) , which are typically the main culprit in causing elevated PPG. The majority of these foods have a high glycemic index and cause an immediate spike in BG. It is important to note that carbohydrate foods differ in composition of starch as well as quality according to country and region, which influences the impact on PPG. Carbohydrates, which are more slowly absorbed, (Table 5, Section B) can be eaten in moderation. Foods that have minimal direct impact on BG ( Table 5 , Section C) can be eaten in usual quantities. Phase 1 provides general guidelines that the individual can implement within their basic eating pattern without the need to count carbohydrate grams at each meal. For patients who are overweight, special attention to portion control should be practiced when choosing foods from Table 5 , Section C, as many of these foods are calorically dense. For these patients, there should be, in addition to portion control, an emphasis on encouraging the consumption of lean proteins and using minimal quantities of fat.
If FBG and PPG target levels are achieved with Phase 1 Dietary Intervention, the patient may be able to add small quantities of foods from Section A or B as he or she learns which foods can be tolerated. Self-monitoring of blood glucose will be critical in evaluating the response to the reintroduction of these carbohydrates. If FBG or PPG target levels are not achieved with Phase 1 Dietary Intervention within 7 days, then Phase 2 Dietary Intervention should be initiated.
Phase 2 Dietary Intervention: Composition of Meals
The goal of Phase 2 Dietary Intervention is to improve PPG by controlling carbohydrate intake by counting carbohydrates and managing the composition of each meal. Each meal should be based mostly on nonstarchy vegetables (50% of the meal) complemented with a minimal amount of high-quality carbohydrate, lean protein, and fat, with an emphasis on healthy fats. The baseline intake column in Table 6 shows a starting level of allowed carbohydrates for each meal.
High quality carbohydrates: Beans, lentils, millet, cracked wheat, and barley. 
Lean protein: In adequate amounts, protein foods have little effect on BG levels. Recent research shows that 15-30% of total daily caloric intake should be from protein from either plant or meat sources. Larger quantities of protein can have an extended gradual effect on BG; thus, attention to portion size is recommended. Sources of lean proteins are lean meats, skinless poultry, fish, eggs, tofu, and low-fat cheeses.
All 20 amino acids, with the exceptions of leucine and lysine, are considered gluconeogenic. Some programs recommend estimating the glucose content of protein in order to cover it with a delayed bolus. However, it may be more important to use preprandial medications or, if the patient is on insulin, to adjust the basal infusion rate or the long-acting insulin doses to compensate for the last-arriving glucose formed from metabolized proteins.
Fat: Fat has very little direct effect on BG levels. However, it contributes to delayed gastric emptying and affects the speed at which the carbohydrate source of the meal is absorbed from the intestine. Fat can also cause a temporary state of insulin resistance that can last for many hours, causing a rise in BG several hours after the meal. Main sources of fat in most diets in Europe and the United States are margarine, butter, nuts, oils, avocados, and salad dressings. In recent years, there has been an emphasis on healthy fats, particularly omega-3 fatty acids. Foods rich in omega-3 fatty acids include flaxseeds, flaxseed oil, flaxseed meal, hempseed oil, hempseeds, walnuts, pumpkin seeds, Brazil nuts, sesame seeds, avocados, some dark leafy green vegetables (kale, spinach, purslane, mustard greens, collards), olive oil, canola oil (cold-pressed and unrefined), soybean oil, wheat germ oil, salmon, mackerel, sardines, anchovies, and albacore tuna.
Each meal is managed independently. If PPG is not <140 mg/dl, the offending meal prior to the reading should be analyzed for actual carbohydrate content, and if the carbohydrate level is higher than recommended, the patient should be counseled on how to bring the meal into target range. If the meal was in fact at the recommended carbohydrate level, the level of allowed carbohydrate is then titrated down in 5 g increments until target BG is achieved ( Table 6) .
Timing of Meals
The timing of meals is important. Meals should be spaced 4-6 h apart. This improves the ability of BG to be at target prior to the next meal.
Snacks
Snacks are not essential for people with T2DM but can be negotiated if BG levels are at target and if the patient is at desired body weight. If BG levels are not at target and/or if the individual is above desired body weight, snacks should be avoided or eliminated. An exception to this would be if the patient has been overeating at meals because of unavoidably long periods between meals, as when such periods are determined by work. If this is the case, snacks should consist of <15 g carbohydrate combined with small amounts of protein and fat.
Hypoglycemia
People with diabetes may experience hypoglycemia (BG <70 mg/dl). If this occurs, 15 g of fast-acting carbohydrate (e.g., 4 oz orange juice, 3 glucose tablets) should be ingested. A hypoglycemic event should be an opportunity to review current medications without necessarily making adjustments to dietary intake (e.g., adding a snack). With T2DM, it is important not to "chase" overeating with increased medications and/or add snacks to avoid hypoglycemia. Meal composition should include sufficient protein and fat with adequate carbohydrate to prevent both elevated PPG and postprandial hypoglycemia.
Persistent Hyperglycemia
In the event that normoglycemia is not achieved in 90 days with dietary interventions, then other therapies should be initiated.
Example of an Exercise Intervention
Both aerobic and resistance exercise activities are beneficial and suitable for people with diabetes, according to the Canadian Diabetes Association Guidelines on Exercise and Diabetes. 41 Examples of aerobic and resistance exercises are provided in Table 7 . Walking is a popular and feasible aerobic activity suitable for most overweight, middle-aged, and elderly people with diabetes. Brisk walking on level ground is an example of moderate aerobic exercise, while brisk walking up an incline or jogging would be considered vigorous aerobic exercise. Resistance exercise performed 2 or 3 times/week provides benefits that complement those of aerobic training (e.g., increased lean mass, strength and vigor, reduced body fat, and increased resting metabolic rate). 42 Table 8 presents a set of exercise regimens. The magnitude of the drop in BG is dependent upon the intensity and duration of the aerobic exercise as well as the preexercise glycemia. It is important to note that brief intense bouts of anaerobic exercise (intense exercise that lasts from seconds to a couple of minutes, which is associated with dramatic increases in catecholamines) may increase BG concentrations in persons with diabetes. 43 
Dose-Dependent Effect of an Exercise Bout on Blood Glucose Levels
Typically the magnitude of drop in BG concentration during an acute bout of exercise depends on the intensity of the exercise and whether the exercise is performed in a fasted or postprandial state. In general, the greatest drop in glycemia occurs when the activity is initiated after a meal when BG concentration is typically elevated and circulating insulin levels are also high. In addition, the greater the intensity of aerobic exercise, the greater the drop in glucose. For example, in overweight and obese middle-aged persons with T2DM, 40 min of low Weight lifting Exercise with weight machines Start with 1 set of 10-15 repetitions at moderate weight, progress to 2 sets of 10-15 repetitions, then progress to 3 sets of 8 repetitions at heavier weight, 3 times/week.
• •
a Initial instruction and periodic supervision recommended to moderate intensity cycling (i.e., 50% maximal oxygen uptake) lowers fasting glucose by 10 ± 5 mg/dl, while moderate intensity cycling lowers fasting glucose by 24 ± 5 mg/dl. 44 This immediate effect of exercise on glucose concentration appears to be related to the increase in glucose disposal into working muscle as both insulin and muscle contractile activity increases glucose transporter-4 trafficking.
In addition to the timing of exercise, the drop in glycemia associated with exercise also depends on the preexercise glucose concentration, with a greater drop occurring when the preexercise glucose is elevated. In fact, when exercise is performed in the fasting state, when BG is "normal," glucose concentration may even rise. For example, in men with T2DM exercising for 60 min in the fasting state (60% maximal oxygen uptake), BG had a 27 ± 21% increase when the preexercise BG was ≤108 mg/dl. 45 In the same men, BG remained unchanged when the preexercise fasting BG was between 108 and 144 mg/dl and dropped by 12 ± 13% when BG was >144 mg/dl. In the postprandial state, the same exercise task lowered BG between 18 ± 17% and 50 ± 12%, depending on the level of preexercise glycemia. 45
The drop in glycemia also depends on the duration of activity, with a greater drop typically observed when the exercise lasts >20 min. For example, short-term intense activities (i.e., 110% of maximal aerobic capacity) lasting 12 min caused an increase in glycemia, 46 while longer activities lasting 45 min at 70% of maximal aerobic capacity caused a drop in glycemia from 136 to 86 mg/dl. 47
Residual Effects of One Exercise Bout
As mentioned earlier, BG levels can be influenced by one acute exercise bout, even if the exercise lasts only minutes. Increased insulin sensitivity in skeletal muscle persists for up to about 18 h after the end of prolonged, moderately intense exercise, 48 and this residual effect of exercise may in fact help blunt the rise in glucose associated with a subsequent meal. 49
Exercise Considerations and Contraindications
Before beginning a program of physical activity more vigorous than walking, individuals with diabetes should be assessed for conditions that might be contraindications to certain types of exercise, may predispose them to injury, or be associated with cardiovascular disease. 48 Examples of such conditions would include severe autonomic neuropathy, severe peripheral neuropathy, and preproliferative or proliferative retinopathy, all of which require treatment prior to beginning vigorous exercise. An exercise electrocardiogram stress test should be considered for previously sedentary individuals with diabetes at high risk for cardiovascular disease who wish to undertake exercise more vigorous than brisk walking. Previously sedentary individuals may have to gradually increase their exercise, starting with as little as 5 to 10 min per day. Multiple, shorter exercise sessions lasting at least 10 min each in the course of a day should be considered, as this regimen is probably as useful as a single longer session of equivalent length and intensity. 50 Patients taking oral hypoglycemic agents or exogenous insulin may experience increased frequency of hypoglycemic events with regular exercise.
An Exercise Intervention
As of this report's publication, there have been no specific recommendations that have been tested to determine what type of exercise should be recommended for dysglycemia in either the fasting or the postprandial state. The recommendations provided here are based on a nonsystematic review of the relevant literature and personal opinions. Figure 2 presents an exercise intervention that can be used in a trial that is intended to assess the performance of SMBG in T2DM.
Example of a Medication Intervention
Background
The fact that medications for the management of T2DM are generally not titrated or advanced aggressively is one of the most important factors in the failure to achieve glycemic targets (A1C) in many patients. There are several explanations for this so-called clinical inertia. Commonly, clinicians may not be convinced or committed to a specific A1C target. Clinical inertia may also be due to a lack of real understanding and comfort with the medications and their titration schedules or a lack of a systematic roadmap for selecting and advancing medications. In addition, relying solely on A1C to make adjustments can slow the entire process, particularly if there is no point-of-care A1C testing available.
Using SMBG as an additional tool for titrating and advancing medications has the potential to reduce clinical inertia significantly, particularly if both the medical team and the patient agree on SMBG targets and formulate a plan for regular feedback of results and management advice. Some patients are comfortable with following predetermined guidelines for medication titration/ adjustment, while others can spot deviations from Elevated fasting glucose but normal postprandial glucose based on SMBG. Note that exercise is expected to lower fasting glucose by 10-20% if it is >144 mg/dl).
Normal fasting glucose based on SMBG, but elevated postprandial glucose. Note that exercise can lower postprandial glucose by ~20-50% depending on the level of preexercise glycemia.
Perform aerobic exercise 20-40 minutes in the fed state (beginning 30-60 minutes after a meal) at a moderate intensity (see Tables 7 and 8 ). This can be subtracted from the 150 minutes per week blanket recommendation.
Perform aerobic exercise 20-40 minutes in the fasted state at a moderate intensity (see Tables 7 and 8 ). This can be subtracted from the 150 minutes per week blanket recommendation.
Elevated fasting glucose and elevated postprandial glucose.
Perform aerobic exercise 20-40 minutes at a moderate intensity three times per week (see Tables 7 and 8 ) and consider adding a resistance exercise program (see Table 7 ). The total amount of exercise done each week should be 150 minutes of aerobic exercise plus 3 days per week of resistance exercise. This prescription is thought to maximize improvements in glycemia.
acceptable values or patterns but prefer to contact the medical team for advice. Methods of staying in contact with a medical team are evolving rapidly and include visits (individual or group), phone calls, faxes, web downloads, and most recently, phone text messaging.
Principles of Medication Intervention
Several basic principles should be considered for incorporating medications into a study of the effectiveness of SMBG in optimizing glycemic control in T2DM patients on noninsulin medications. First, the study design must be very clear on what the glycemic goal is. Will the goal be merely A1C or a combination of endpoints such as A1C, frequency of hypoglycemia that is severe or significant, and glycemic variability?
Second, the study must set clear SMBG goals for fasting, premeal, and postmeal measurements. Third, the study should specify clear patterns for testing SMBG according to each glucose-lowering medication used. Fourth, clear boundaries must be established as to which glucose level will constitute a hypoglycemic episode or an excessive glycemic excursion (i.e., the rise from the premeal to the postmeal level). Fifth, the study protocol should clearly specify the circumstances under which a medication adjustment and/or a lifestyle change are necessary to improve glycemic control.
In addition to the aforementioned basic principles of protocol design for a noninsulin medication intervention based on SMBG, a specific algorithm must be used for medication initiation, selection, and dosage titration based on SMBG levels and/or A1C levels. Medication titration or advancement can occur either at the time of a visit with the investigator (based on SMBG and/or A1C levels) or between investigator visits. If there is any modification of the medication regimen per protocol between visits, then the subject will be responsible for applying the algorithm for self-titrating or advancing the medication regimen. For such a protocol, it will be necessary to clearly explain the algorithm to the subject so that modifications can be made appropriately. A subject may be allowed to contact the investigator emergently about how to carry out the algorithm at the time of a medication modification. In that case, the amount of contact must be kept to a minimum to prevent intervention subjects from having access to information, education, and management assistance not available to control subjects. At most what should be provided is clarification about how to accomplish the protocol's Intervention. A protocol might include more than one option for drugs that could be added, as needed, to a noninsulin medication regimen. In that case, the protocol should clearly define the circumstances that would lead to a specific choice of each additional study medication that might be introduced. Finally, it is necessary to specify how A1C and SMBG values will complement each other when it is time to make changes in medication therapy based on both these measures.
Approaches for Using Self-Monitoring of Blood Glucose to Titrate and Adjust Oral Diabetes Medications
There are three basic approaches to SMBG to consider in T2DM for noninsulin users. The first approach is intermittent pattern testing, which tests FPG before the largest meal and PPG after the largest meal, 3 times per week. In the United States, the testing usually starts with the evening meal (dinner). Over time, the schedule can vary as to which meal is bracketed. This approach would total 9 tests per week or approximately 36 tests per month.
The second approach is meal bracket testing, which means rotating which meal is assessed by a premeal SMBG value and a postmeal SMBG value. Testing is done before and after one meal per day (and it is the same meal each day) for three consecutive days. Then a different meal is monitored, with SMBG before and after that meal, for the next three days and so on. Each meal is then revisited every nine days in a rotating schedule. This approach yields 14 tests per week or approximately 56 tests per month.
The third approach is intermittent 7-point testing. This approach specifies that a 7-point set of SMBG tests be performed on three separate days, usually during a 7-14 day period just prior to a visit with the investigator. Alternatively, such a pattern of testing can be performed continuously at a frequency of every 2-4 weeks, unrelated to any investigator visits. The seven tests are performed before each of the three meals, after each of the three meals, and at bedtime on every 7-point testing day. This approach has been very effective in establishing a glucose pattern for a specific timeframe and helps with modifying a medication regimen during a subject visit. This approach yields 7-14 tests per month. Seven-point testing tends to be less helpful than intermittent pattern testing or meal bracketing in supplying ongoing feedback or providing motivation to the patients between medical visits.
An Intervention
The American Diabetes Association and the European Association for the Study of Diabetes issued a consensus algorithm for the initiation and adjustment of therapy in T2DM this year. 51 These guidelines specify the use of various combinations of noninsulin agents in T2DM. These recommended agents are typically initiated in low dosages, and the dosages are then increased as needed. Furthermore, recommended therapy typically involves use of metformin followed by a second noninsulin drug if necessary, and then either insulin or a third noninsulin drug, if necessary. An SMBG intervention to accelerate the time to reach a maximum effective medication can be tested in conjunction with a variety of drug combinations from this algorithm in noninsulin-treated subjects with T2DM.
A trial using a medication intervention can be accomplished by uptitrating doses of two or three oral agents based on SMBG values and by adding medications to the regimen based on the SMBG and A1c values. An example of one such intervention uses three dosages each for metformin, glipizide, and pioglitazone. This particular combination of three noninsulin agents is one of multiple possible drug combinations recommended by the American Diabetes Association and the European Association for the Study of Diabetes as well as other professional organizations for the management of T2DM. Likewise there are many other two-or three-drug combinations of noninsulin drugs that could be assessed for their benefit in the context of an SMBG intervention.
A subject in the intervention arm will perform SMBG at a frequency determined by a protocol and will be instructed to respond to the values according to a protocol. If SMBG values are elevated at least 50% of the time after 1 month, then the medication dose will be increased by one step. The subject will also receive specific instructions on modifying their diet and exercise regimen based on the pattern of SMBG values. The possible dosages of medications in the intervention will be low, medium, and high, so that through monthly dosage increases (if needed), titration can be accomplished over a 3 month period going from the lowest to highest dose. Further increases in medication therapy, consisting of adding an additional oral agent, would be determined by the healthcare provider who will see the subject every 3 months. A decision to add an additional oral agent to the regimen will be based on the pattern of SMBG values and by trimonthly A1C values obtained immediately before each visit. A subject in the control arm of the protocol will be issued SMBG paraphernalia and instructed to monitor themselves as often as they wish and use the information to adjust diet and exercise according to a basic set of instructions. Subjects in both arms of the study will receive instruction on how to recognize hypoglycemic symptoms and respond to them using SMBG.
In each arm, the progression will be from low to medium to high doses based on a monthly assessment of SMBG values by the subject. The targets for adequate control will be fasting BG ≤100 mg/dl, premeal BG ≤100 mg/dl, and post meal BG ≤140 mg/dl on at least 50% of readings, or else a medication uptitration will be needed. The subject and healthcare provider will use these BG targets. The target for A1C will be ≤7.0% or else a medication uptitration will be needed. The healthcare provider will use this target.
In the intervention arm, the metformin dosages will be as follows: low dose, 500 mg each evening; medium dose, 500 mg twice daily; high dose, 1000 mg twice daily. The glipizide dosages will be as follows: low dose, 5 mg each evening; medium dose, 5 mg twice daily; high dose, 10 mg twice daily. The pioglitazone dosages will be as follows: low dose, 15 mg each morning; medium dose, 30 mg each morning; high dose, 45 mg each morning. This intervention is illustrated in Figure 3 . Similar trials of interventions using SMBG to accelerate the uptitration process in the presence of combinations of numerous other noninsulin agents could also be developed. 
Endpoints
The endpoints for such a medication intervention would be the percentage of subjects achieving target levels of glycemia as well as the percentage of the subjects not achieving target levels of glycemia but reaching the maximum dosages of all three study medications by the end of the study period. Successful oral agent dosage titration would be defined as the sum of both percentages.
Conclusions
Self-monitoring of blood glucose in T2DM is an established practice that has been shown to improve glycemic control in many randomized and epidemiological clinical trials. However, the value of this practice has been recently questioned because of studies with methodological flaws that demonstrated no clinical benefit. 1 In order to evaluate the potential benefits or lack of benefits of this practice in noninsulin treated T2DM, the CCR-SMBG Scientific Board has addressed the state of research as of 2008 and put forth recommendations on how to best conduct clinical trials of the performance of SMBG. The authors of this report strongly believe that SMBG is a tool for gathering information, but it is not an intervention in itself. Self-monitoring of blood glucose is intended to beneficially affect patient behavior. Therefore, to assess whether this practice is worthwhile, it is necessary to specify a therapeutic response or lifestyle change to information provided by SMBG. Optimal use of SMBG requires adequate testing frequency, training, and directions for responding to data in the form of specific recommended actions for modifying the amount of food intake, exercise performance, and medication dosages. Such specified actions must be part of any protocol that assesses the performance of SMBG.
Among participants, the consensus was that: (1) protocols assessing the performance of SMBG in noninsulin-treated T2DM must provide the SMBG intervention subjects with BG goals and instructions on how to respond to BG data in RCTs; (2) intervention subjects in clinical trials of SMBG-driven interventions must aggressively titrate their therapeutic responses or lifestyle changes in response to hyperglycemia; (3) control group subjects in clinical trials of SMBG must be isolated from SMBGdriven interventions and not be contaminated by physician experience with study subjects receiving an SMBG intervention; (4) the best endpoints to measure in a clinical trial of SMBG in T2DM include delta A1C levels, hyperglycemic events, hypoglycemic events, time to titrate noninsulin therapy to goal attainment or a maximum necessary dosage, and quality-of-life indices; (5) either individual randomization or cluster randomization may be appropriate methods for separating control subjects from SMBG intervention subjects, provided that precautions are taken to avoid bias and that the sample size is adequate; (6) treatment algorithms for assessing SMBG in T2DM may include a dietary intervention, an exercise intervention, and/or a medication intervention, which are all titratable according to the SMBG values; (7) the medical literature contains very little information about the performance of SMBG in T2DM from RCTs in which treatment algorithms were utilized for dysglycemic values; and (8) research on the performance of SMBG in T2DM based on sound scientific principles and clinical practices is needed at this time.
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